1. Introduction {#sec0001}
===============

Cerebral cavernous malformations (CCM) are discrete vascular lesions that lack neuronal tissue and parenchyma but are peripherally surrounded by a pseudocapsule of gliotic brain tissue. These pseudocapsules generally contain hemosiderin deposits, which are the result of minor hemorrhage ([@bib0016]; [@bib0042]; [@bib0049]). Patients with CCMs frequently develop seizure disorders, which are most often focal in nature. Many will, however, secondarily generalize and are often refractory to medical management ([@bib0045]). It is presumed that in CCM-related epilepsy, seizure activity originates from the hemosiderin-laden cortex surrounding the lesion. This phenomenon is largely due to the fact that the lesions themselves do not contain neural tissue, and hemosiderin deposits are known to be highly epileptogenic ([@bib0048]). Structural brain lesions such as CCM are considered to be the center of epileptogenic zone ([@bib0004]), and the removal of such lesion and the surrounding abnormal brain has a high success rate of rendering patients seizure free ([@bib0014]; [@bib0028]; [@bib0037]; [@bib0046]; [@bib0055]). An increasing body of evidence suggests that seizures result not only from alterations in excitability in the epileptogenic zone but also abnormalities in neuronal networks ([@bib0005]; [@bib0029]). These network abnormalities leading to seizures can range from local circuits within an epileptogenic structure to connections involving the entire brain ([@bib0019]). These new understandings challenge the traditional concept of "focal epilepsy." Focal epilepsy associated with a single CCM is an excellent pathology to study the impact of an epileptogenic structure on the entire brain network.

Two variants of standard MRI technique have been utilized to characterize network abnormalities associated with seizure disorders. Diffusion weighted MRI infers structural connectivity by identifying white matter fibers that physically connect two brain regions ([@bib0024]; [@bib0031]). Conversely, resting state functional MRI (rsfMRI) estimates functional connectivity (FC) among brain areas from correlations of blood oxygen level dependent (BOLD) signals ([@bib0007]; [@bib0034]; [@bib0051]).

While resting state connectivity disturbances have been investigated and identified in both generalized and focal epilepsy ([@bib0005]; [@bib0011]; [@bib0019]; [@bib0022]; [@bib0033]; [@bib0036]; [@bib0040]), no studies to date have specifically focused on drug resistant CCM-related epilepsy. Here, we study the impact of CCM-associated epilepsy on functional connectivity by analyzing rsfMRI data acquired from subjects before and after surgical resection of the epilepsy focus. In order to fully characterize the impact of CCM on various brain networks, we utilized a multi-resolution approach to study the alteration of several FC metrics among the participants. This multi-resolution approach, in turn, allows us to investigate the alteration of brain connectomics at local, regional, and global levels.

2. Methods {#sec0002}
==========

2.1. Study design {#sec0003}
-----------------

A retrospective chart review was conducted to identify subjects with single CCM and seizure disorders between September 2015 to June 2019. We have also recruited age- and gender-matched control subjects for this study. Informed consent to participate in this Louisiana State University Health Science Center (LSUHSC) Institutional Review Board (IRB) approved study was obtained for both the CCM and control subjects. All CCM subjects had undergone extensive work up as a part of surgical treatment of their seizure disorder. The workup included presurgical video electroencephalogram (vEEG), presurgical MRI studies of the brain, and neuropsychological testing. The preoperative MRI studies including anatomical and resting state functional MRI sequences. All patients' vEEG recordings suggested that the region of a single CCM is likely involved in the epileptogenic zone (EZ). The surgical resection of the CCM and its surrounding EZ was recommended. After the surgical resection, patients were evaluated with regular follow up visits. Postoperative MRI studies were obtained as a part of follow up using the same imaging protocols. Each control subject reported no history of neurological or psychological diseases, suffered no head trauma and underwent no prior neurosurgical procedures. The control subjects underwent the imaging data acquisition with the same protocol.

The imaging studies obtained from both CCM and control subjects formed three groups. Group 1 consisted of MRI studies obtained from all CCM subjects before they underwent surgical resection of the CCM, i.e. the CCM pre-resection group. Group 2 consisted of all MRI studies obtained from a subset of CCM subjects after they have undergone surgical resection of the CCM, i.e., the CCM post-resection group. Group 3 consisted of all MRI studies obtained from the control subjects.

2.2. Imaging acquisition parameters {#sec0004}
-----------------------------------

The MRI studies were acquired as part of the surgical epilepsy work-up. All scans were performed on a 3 T (3T) Philips Ingenia MR system using a dStream HeadSpine 15-channel receive head coil. The acquisition protocol was standardized across subjects and included a T1-weighted anatomic scan as well as an echo planar imaging blood oxygen level dependent (EPI-BOLD) rsfMRI scan. Anatomical imaging was performed with the following parameters: 3D sagittal acquisition with 1 mm isotropic resolution, TR 7.5 ms, TE 3.5 ms, and reconstruction to a 240×240 image matrix. Functional imaging was performed with the following parameters: 140 dynamic acquisitions, slice thickness 5 mm, TR 2000 ms, TE 35 ms, and reconstructed to a 144×144 image matrix. Control subject studies were acquired with an identical imaging protocol.

2.3. Imaging data pre-processing {#sec0005}
--------------------------------

For all subjects, preprocessing and connectivity analyses were performed using SPM 12 software (statistical parametric mapping, <https://www.fil.ion.ucl.ac.uk/spm/doc/spmbib.html>), version17 of the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon 2012; [www.nitrc.org/projects/conn](http://www.nitrc.org/projects/conn){#interref0002}), AFNI([@bib0013]), and custom MATLAB (the Mathworks, Inc. Natick, MA, USA) scripts. The preprocessing steps performed using the CONN toolbox included (1) functional realignment to correct for head movement and movement distortion, (2) scrubbing, (3) co-registration of the EPI to subjects' T1 anatomical image, (4) functional segmentation and normalization to the Montreal Neurological Institute (MNI) template, (5) structural segmentation and normalization to the MNI template, and (6) spatial smoothing with an 8 mm full width and half-maximum (FWHM) Gaussian kernel. Next, we performed linear and quadratic detrending of the fMRI signal, covarying out white matter (WM) and cerebrospinal fluid (CSF) signal, and regression of motion parameters and their first derivatives. WM and CSF signals were estimated for each volume by thresholding the SPM tissue probability maps. The resting data were then bandpass-filtered.

After preprocessing, AFNI was used to mask each subject\'s functional dataset. From each subject\'s anatomical image, the voxels contained within the CCM were manually identified, and a mask to remove gray matter voxels was created. These masks were then applied to the resting state functional datasets such that the connectivity analyses would not include aberrant signals from within the CCM.

2.4. Multi-resolution analyses {#sec0006}
------------------------------

In this study, the resting state data was processed using seed methods ([@bib0002]; [@bib0007]; [@bib0012]; [@bib0021]; [@bib0030]). Our seeds were defined in two different resolutions: a region of interest (ROI)-based analysis and a voxel-based analysis.

A ROI-based analysis was performed using the CONN toolbox. Within CONN toolbox, each subject\'s T1 anatomical images were first spatially normalized to the common MNI atlas then segmented into 136 ROIs defined by the atlas. Segmentation was then applied to the masked resting state functional datasets. The resting state BOLD time series of any given ROI was estimated by averaging the BOLD time series across all grey matter voxels in the ROI. The Fischer z-transformation was calculated from the correlation coefficients between each ROI to ROI BOLD time series pair resulting in a 136×136 connectivity matrix. The ROI to ROI connectivity matrices for all subjects were exported from the CONN toolbox for statistical analysis. Specifically, ROI to ROI connectivity was used to access the homotropic connectivity, global connectivity and DMN connectivity metrics, which will be defined in the following section.

The voxel-based analysis, however, utilized the resting state BOLD time series of each voxel for computing the FC metrics between two voxels. Using the voxel-based analysis, we examined the changes in the FC metrics in the tissue surrounding the CCM lesion. Here we investigated whether the epileptogenic zone surrounding the CCM is associated with the alteration in their FC values. To do so, we used the CONN toolbox and custom MATLAB scripts. Resting state time series image data was exported from the CONN toolbox into MATLAB. Within MATLAB, the area surrounding the CCM lesion was defined as three rings radiating outward from the CCM, each ring being one voxel wide (2 mm). The rings were named serially in order of increasing distance away from the lesion, with ring 1 immediately surrounding the lesion, and ring 3 being the farthest away from the lesion. For the controls, the congruent voxels within the MNI atlas template were used to define the rings. The CCM post-resection group was not considered for voxel to the voxel-based analysis, as the alteration in brain parenchyma post-resection of the lesion did not permit us to accurately define the region surrounding the resected CCM lesion. We investigated the changes in FC metrics associated with the CCM-related focal epilepsy in both macro- (ROI-based) and micro- (voxel-based) scopic scales using this multi-resolution approach.

2.5. The functional connectivity (FC) metrics {#sec0007}
---------------------------------------------

The functional connectivity (FC) was examined across the three imaging study groups. The central hypothesis was that the FC metrics are altered in patients with CCM at both regional and global network levels. To test this hypothesis, we compared the FC metrics estimated among CCM pre-resection group with those estimated from the age- and gender-matched control group. Furthermore, we investigate whether the surgical resection rendering patients seizure free may change for the FC in the brain for these individuals. To do so, we estimated the changes in same regional and global FC metrics among CCM subjects before and after resection. The following regional and global FC metrics were included in the comparison. All FC metrics were estimated by first computing Pearson\'s correlation coefficient between two resting state time series being considered. In the ROI-based analysis, the resting state time series was the average of all time-series of all grey matter voxels in the ROI. In the voxel-based analysis, the resting state time series was the time series of the voxel of interest. The final FC value is cast as the z-score of the Pearson\'s correlation coefficient. Conventionally, if z-score is greater than 0.424 (corresponding to Pearson\'s correlation coefficient of 0.4), the FC is deemed significant.1The homotopic FC (HFC)

Functional homotopy, the high degree of synchrony in spontaneous activity between geometrically corresponding interhemispheric (i.e. homotopic) regions, is a fundamental characteristic of the intrinsic functional architecture of the brain. This high level of correlated activity between the left and right hemispheres have long been demonstrated by electrophysiological studies ([@bib0001]; [@bib0017]). This symmetry is also reflected by FC metrics obtained from resting state FC. Studies have shown there is robust homotopic resting state FC ([@bib0043]; [@bib0047]), an unsurprising finding given the high proportion of callosal fibers dedicated to homotopic connectivity ([@bib0027]).

Using a ROI-based approach, we assessed the homotopic FC (HFC) between the ROI associated with CCM lesion and the homotopic ROI contralateral to it. For the hemisphere in which a CCM lesion was located, the data was masked such that the averaged signal did not include the signal measured within the CCM lesion itself. The HFC was quantified as z-score of the Pearson\'s correlation coefficient of the BOLD time series between the two homotopic ROIs involving the CCM lesions. The HFC was then compared to the HFCs (also z-scores) estimated from the same ROIs estimated among the age- and gender-matched control groups.

Using the voxel-based analysis, we examined the changes of HFC in the tissue surrounding the CCM lesion. The HFC of each voxel is defined as z-score of the Pearson\'s correlation coefficient for the resting state time series between this voxel and its homotopic paired voxel. The HFC of each ring was then estimated by averaging of the HFC of all grey matter voxels within each ring. The HFCs of each of the three rings of the CCM pre-resection group was compared to the HFCs of the corresponding ring of the age- and gender-matched control group using a single factor ANOVA test.1The global FC (GFC)

The impact of the focal epilepsy is not limited to the region where the epileptogenic zone is located. The impact of the focal seizure on global brain networks is reflected by the fact that patients with focal epilepsy were more likely to have cognitive and neuropsychological deficits compared to individuals without seizures ([@bib0052]; [@bib0056]). To assess the global brain network changes associated with CCM-induced focal epilepsy, we used the global FC (GFC) to assess the alterations of global brain networks. In the ROI-based analysis, we first computed the BOLD time series for each ROI by averaging the BOLD time series across all grey matter voxels within the ROI. The Fischer z-transformations (z-scores) were calculated from the Pearson\'s correlation coefficients between each ROI to ROI BOLD time series pair resulting in a 136×136 connectivity matrix. For each ROI, the row (or column) of the connectivity matrix associated with the ROI was inspected. The GFC of this ROI is defined as the number of elements in the row with absolute z-scores greater than 0.424 (corresponding to Pearson\'s correlation of 0.4), i.e., when the FC between the two ROIs was significant. The GFC of the ROI associated with the CCM is denoted as GFC~ipsilateral~. The GFC for the homotopic ROI contralaterally to the CCM-associated ROI was calculated and denoted as GFC~contralateral~. In order to compare the GFC of the affected ROI to the relatively unaffected homotopic contralateral ROI, we established a metrics defined as Relative GFC (RGFC). RGFC for each CCM ROI (RGFC ~ROI~) was calculated as shown by the formula below:$$RGFC_{ROI} = FC_{contralateral}/GFC_{ipsilateral}$$

The RGC ~ROI~ of the CCM pre-resection and CCM post-resection groups were each individually compared to the RGC ~ROI~ of the congruent ROIs of the control group using a single factor ANOVA test.

We also investigated the changes of the GFC in the brain tissue surrounding the CCM in a microscopic scale using the voxel-based analysis. For the RGFC analysis, the GFC for voxels within each ring and the whole brain grey matter voxels were calculated. In addition, the correlation between the resting state time series of each voxel to the whole brain was calculated. Similar to the voxel-based analysis applied to the homotopic FC metric, we employed the CONN toolbox and custom MATLAB scripts. The area surrounding the CCM lesion was defined as three rings radiating outward from the CCM, similar to the voxel-based analysis for the HFC. For the controls, the congruent voxels within the MNI atlas template were used to define the rings. Similar to the ROI-based approach, the GFC of a voxel is defined as the number of voxels with significant FC with the voxel of interest. GFC~ipsilateral~ and GFC~contralateral~ are then defined and computed similar to the ROI-based analysis for the GFC but using the number of voxels rather than the number of ROIs. The RGFC for each voxel (RGFC~voxel~) was calculated as shown by the formula below:$$RGFC_{voxel} = GFC_{contralateral}/GFC_{ipsilateral}$$

The RGFC~voxel~ for each ring was calculated by averaging the RGFC~voxel~ of all grey matter voxels of each ring. The RGFC~voxel~ of each of three rings of the CCM pre-resection group was then compared to the RGFC~voxel~ of the corresponding ring of the age and gender-matched control group using a single-factor ANOVA test.1The Default Mode Network FC (DFC)

The Default Mode Network (DMN) is a large scale brain network known to have highly correlated functional connectivity among its interacting regions ([@bib0010]; [@bib0041]; [@bib0054]). The DMN is believed to be composed of four major interacting regions of the brain ([@bib0023]). These include the middle prefrontal cortex (MPFC), the left lateral parietal cortex (LPL), the right lateral parietal cortex (LPR), and the posterior cingulate cortex (PCC) ([@bib0025]; [@bib0039]). Diseases affecting the central nervous system also affect the connectivity among the DMN. To estimate the DMN FC (DFC), we used the MPFC, a midline ROI, as the seed in a ROI-based analysis. Similar to other ROI-based analyses described in the previous section, the resting state BOLD time series of all four DMN-related ROIs were estimated by averaging the BOLD time series across all grey matter voxels in each ROI. Next, the DFC was estimated as the Fischer z-transformation value between the BOLD time series of MPFC and the time series of each of the three other DMN nodes i.e., LPL, LPR, and PCC. Hence, each DFC consists of three Fisher z-transformation values. For statistical comparison, the DFC of the CCM pre-resection and CCM post-resection groups was compared to the age and gender-matched control group.

Furthermore, in order to examine the effect of laterality of the lesion on the DMN connectivity, we divided the CCM pre-resection group into 2 smaller subsets: the first group of subjects having lesions in the left cerebral hemisphere and the second group of subjects having lesions in the right cerebral hemisphere. We then conducted the same analysis by compared the DFC of these two CCM subject groups with the control group as described above.

2.6. Statistical analysis {#sec0008}
-------------------------

As shown in [Fig. 1](#fig0001){ref-type="fig"}, the location of CCM in the brain is diverse among the study participants. We defined the FC metrics to characterize changes in regional and global functional networks so that the estimated values can be compared between the CCM and control participants despite of the varying locations among the lesions. In this study, two types of hypothesis testings were conducted between the two participant groups. When the statistical comparison was to ask whether the values estimated from the CCM group were different from those from the control group, an ANOVA test was employed. When the statistical comparison was to ask whether the values estimated from the CCM group were either greater or less than those from the control group, a two-tailed *t-*test was used instead. A threshold of *p* \< 0.05 was considered significant. The analyses were performed using custom MATLAB scripts.Fig. 1The anatomical location of single CCM lesion among the study participants. Shown here are axial T1 anatomical scans of the 8 CCM subjects. The red circles indicate the CCM lesion. Each image is labelled with the subject identifier.Fig 1

3. Results {#sec0009}
==========

Eight subjects with single CCM and intractable epilepsy were identified between September 2015 and May 2019. Shown in [Table 1](#tbl0001){ref-type="table"} are the demographics of these subjects and the volume of each CCM measured after the segmentation of the lesion from anatomical MRIs. The surgical work-up identified the region surrounding the CCM as the epileptogenic zone. All subjects except one had resection of the CCM as part of their treatment regimen. One CCM subject developed cerebral ischemic infarction prior to the scheduled surgical resection. The infarction involving left thalamus, basal ganglia and internal capsule resulted in significant weakness and disability requiring extensive rehabilitation. The epilepsy surgery was postponed. Among 7 CCM subjects who underwent surgical resection, none suffered postoperative complications and all remained seizure free at the latest follow up. The mean follow-up period of these 7 patients was 25.5 months (ranged between 5 and 37 months). Four subjects who had undergone surgical resection underwent postoperative MRI studies using the same acquisition protocols between 6 and 13 months (mean 7.8 months) after the resection of their CCM. T1-weighted anatomic images of the eight CCM subjects with the lesion highlighted are shown in [Fig. 1](#fig0001){ref-type="fig"}. As evident in this figure, the location of the CCM varied among the subjects*.* We included 21 age- and gender-matched controls for this study, [Table 2](#tbl0002){ref-type="table"}, and they underwent the MRI studies with the same imaging acquisition protocols.Tables 1The demographics of the CCM subject. The subjects marked with asterisks (\*) underwent repeat MRI study after the surgical resection of the CCM. RI2^+^ is the subject who suffered ischemic cerebral infarction and the surgical resection of his CCM was postponed.Tables 1SubjectAge/SexCVM LocationCCM Volume (mm^3^)RI1\*17/MRight insular cortex428RI2^+^48/MRight insular cortex5850ROF29/MRight orbital frontal gyrus5378RPC54/FRight precentral gyrus75LT\*25/FLeft Posterior Inferior Temporal Gyrus392LI1\*50/FLeft insular cortex1201LI220/MLeft insular cortex6102LA\*66/FLeft amygdala2327Table 2The age and gender matched control group.Table 2CharacteristicsCCM subjectsControl subjectsP valuesAge37.1 (18--66)35.6 (18--70)0.48Gender (M/F)4/411/100.98

We employed three FC metrics to investigate both regional and global FC changes associated with the CCM-related focal epilepsy, i.e., the homotopic, global, and default mode network (DMN) FCs. For both homotopic and (HFC) global (GFC) FCs, we performed both the ROI and voxel-based analyses. For the DMN FC (DHC), we employed the ROI-based analysis, and additionally asked whether the laterality of CCM location influenced the changes of the metric. Furthermore, in all the ROI-based analyses, we investigated whether these metrics changed after the CCM lesion has been resected and the subject became seizure free.

3.1. The homotopic FC (HFC) {#sec0010}
---------------------------

1The ROI-based Analysis

The homotopic FC (HFC) was quantified as the z-scores of the Pearson\'s correlation coefficient between the averaged BOLD time series in two homotopic ROIs. First, the HFCs were measured for the control group (*n* = 21). Of the 136 MNI ROIs, 116 ROIs form 58 homotopic pairs; therefore, it is possible to assess HFCs between these pairs. Among them, 49 were cerebral ROIs and 9 were cerebellar ROIs. Shown in [Fig. 2](#fig0002){ref-type="fig"} are the means and standard derivations (STDs) of HFCs among 58 homotopic pairs estimated from 21 control subjects. Forty-eight of the 58 ROIs had the mean FC at least one standard derivation above the mean z-score of 0.424, which indicates significant FC. Only 2 regions (52 and 58, both located in cerebellum) had the mean FC one standard derivation below 0.424. The functional coactivation of homotopic brain structures has been established by other studies ([@bib0047]; [@bib0050]). Our data from the control subject yielded similar findings.Fig. 2The functional coactivation of the homotopic brain regions as measured in resting state connectivity among 21 health study participants. Forty eight of the 58 ROIs had the mean FC at least one standard derivation above the mean z-score if 0.424 (dotted line), which indicates significant FC. Only 2 regions (52 and 58, both located in cerebellum, red circle) had the mean FC one standard derivation below the dotted line.Fig 2

The HFC was estimated for the CCM group pre-resection group (*n *= 8). For each subject within this group, the HFC of the ROI affected by the lesion was compared to the age and gender-matched control, [Fig. 3](#fig0003){ref-type="fig"} and [Table 3](#tbl0003){ref-type="table"}. The HFC values of the lesional ROIs for 6 of the 8 CCM subjects was less than those of congruent ROIs for the age- and gender-matched controls. Although a two-tailed paired *t-*test to compare the HFC values between the controls and CCM group 'pre-resection' was not statistically significant (control: *M* = 0.94, SD=0.35, CCM pre resection: *M* = 0.71, SD= 0.31; *p *= 0.12), the trend suggests the HFC was disrupted in CCM pre-resection group as compared to controls.Fig. 3Comparison of the homotopic FC (HFC) between the lesional ROIs and the same ROIs among the control subjects. The top plot shows the HFC of each ROI (circle, labelled with the subject identifier) overlaid on the mean and the standard derivation of the HFC of the corresponding ROI estimated from the age- and gender-matched controls (*n* = 21). Note that six of 8 CCM subjects had the HFC below the mean of HFC estimated for the same ROI from the control group. The bottom plot shows the coactivation maps for both the control (top row) and CCM (bottom row) subjects generated from the imaging processing software where the two voxels were marked red when they show BOLD time series coactivation. Note that the coactivation symmetry seen in the control group was disrupted in the CCM group, bottom row.Fig 3Table 3The comparison between the HFCs estimated from the CCM subjects in the ROIs associated with the CCM with those of the same ROIs estimated from the control subjects.Table 3ROI associated with the CCM (subject)HFCs from the CCM groupMean/STD of HFCs from the same ROI among the control groupRight Insular Cortex (RI1)1.191.20/0.29Right Insular Cortex (RI2)0.89Same as aboveRight Orbital Frontal Cortex (ROF)0.270.71/0.26Right Pre-central gyrus (RPC)0.841.12/0.26Left Posterior Inferior Temporal Gyrus (LT)0.500.28/0.26Left Insular Cortex (LI1)0.601.20/0.29Left Insular Cortex (LI2)0.93Same as aboveLeft Amygdala (LA)0.380.61/0.23

[Table 4](#tbl0004){ref-type="table"} and [Fig. 4](#fig0004){ref-type="fig"} show the comparison of the HFC between the controls, CCM pre resection group and the CCM post-resection group. Three out of 4 CCM subjects (RI1, LA and LI2) showed an increase in the HFC values after the resection while the HFC values for the other two subjects remained stable, [Fig. 4](#fig0004){ref-type="fig"}. Although not statistically significant (*p* = 0.14, one-tailed *t-*test), the trend seems to suggest that surgical resection rendering seizure free may help recover the disruption of the HFC seen in the CCM subjects with focal epilepsy.1The voxel-based analysisTable 4The comparison between the HFCs estimated from the CCM subjects in the ROIs associated with the CCM before and after the surgical resection.Table 4ROI associated with the CCM (subject)HFC before resectionHFC after resectionHFC among controls (mean/std)Right Insular Cortex (RI1)1.191.461.20/0.29Left Posterior Inferior Temporal Gyrus (LT)0.500.480.28/0.26Left Insular Cortex (LI1)0.60.461.20/0.29Left Amygdala (LA)0.380.60.61/0.23Fig. 4The restoration of the disruption of the homotopic FC (HFC) in the CCM subjects after the surgical resection. Shown here are the pre-surgical (circle) and post-surgical (diamond) HFCs of each lesional ROI (labelled with the subject identifier) overlaid on the mean and the standard derivation of the HFC of the corresponding ROI estimated from the age- and gender-matched controls. Note that 3 (RI1, LA and LI2) out 4 subject showed increased HFC values after resection.Fig 4

In order to analyze the changes in FC in the brain tissues surrounding the CCM, we performed the voxel-based analysis by dividing the region surrounding the CCM into three outward radiating rings of width equal to one voxel (2 mm). Shown in [Table 5](#tbl0005){ref-type="table"} and [Fig. 5](#fig0005){ref-type="fig"} are the comparison of the mean and STD of the HFC associated with each ring of brain tissues surrounding the CCM and the same anatomical rings identified in the control group. Although not statistically significant, the disruption of the HFC values was most severe in the ring immediately adjacent to the lesion and lessens as the rings move away from the lesion, [Fig. 5](#fig0005){ref-type="fig"} and [Table 5](#tbl0005){ref-type="table"}.Table 5The voxel-based analysis on the HFC changes in the surrounding brain tissue.Table 5Ring 1 (mean/std)Ring 2 (mean/std)Ring 3 (mean/STD)Control0.56/0.190.56/0.180.55/0.17CCM pre-resection group0.32/0.150.38/0.120.4/0.14p-value (ANOVA)0.40.550.6Fig. 5The disruption of the HFC in the surrounding brain tissue of a CCM becomes less as its distance to the lesion increases. Shown here are the axial T1 images of an example of a CCM (subject LI2), (A) and (B). (C) shows the three rings used to delineate the surrounding brain tissue with its color corresponding to its mean HFC values. (D) shows the comparison of the mean and STD of HFC estimated from the lesional tissues with the same values estimated from the corresponding rings in the control group. Note that the HFCs from the lesional tissue are less than its control counterpart. Furthermore, the value of the HFC increases as the distance between the ring and the lesion increases, suggesting less disruption of the FC, (C) and (D).Fig 5

3.2. The global FC (GFC) {#sec0011}
------------------------

1The ROI-based analysis

Shown in [Fig. 6](#fig0006){ref-type="fig"} and [Table 6](#tbl0006){ref-type="table"} are the comparison of the GFC values among the ROIs where the CCMs were located (GFC~ipsilateral~) and its contralateral homotopic ROIs (GFC~contralateral~) and the GFC of the ROIs that corresponds to lesional ROIs in the control group. Note that the GFC~contralateral~ values are closer to the mean of the GFCs estimated in the control group than the GFC~ipsilateral~, [Fig. 6](#fig0006){ref-type="fig"}. These findings suggested that, the GFCs associated with the lesional ROIs suffered more disruption than its homotopic counterparts. To quantitatively assess this change, we employed the metric, RGFC~ROI~. Shown in [Fig. 7](#fig0007){ref-type="fig"} and [Table 7](#tbl0007){ref-type="table"} is the comparison of RGFC~ROI~ among all subject groups. The RGFC~ROI~ for each ROI is defined as the ratio between GFC~contralateral~ and GFC~ipsilateral~. The RGFC~ROI~ of each ROI with the CCM are greater than the mean RGFC~ROI~ of the corresponding ROI among the controls, which is close to 1, [Fig. 7](#fig0007){ref-type="fig"}(A), and [Table 7](#tbl0007){ref-type="table"}. Interestingly, the RGFC~ROI~ value of the same ROI decreased after the CCM subject became seizure free after the surgical resection of the lesion, [Fig. 7](#fig0007){ref-type="fig"}(A), and [Table 7](#tbl0007){ref-type="table"}. While the increase of RGFC~ROI~ (1.56±0.45) among the CCM pre-resection group relative to the RGFC~ROI~ (0.98±0.03) among the controls subjects was statistically significant (*p* = 0.017), the change of RGFC~ROI~ among the 4 CCM subject between before and after surgery (0.83±0.35) was not (*P* = 0.2), 7(B). Similar to the results with the HFC, our data suggested that the surgical resection rendering these subjects seizure free perhaps helped restore the GFC to its normalcy among these individuals.1The voxel-based analysisFig. 6The disruption of global FC (GFC) among the lesional ROIs. Shown here are the comparison between the global FC in the lesional ROIs (GFCipsilateral, blue circles) and its contralateral homotopic ROI (GPCcontralateral, purple circles) and the mean GFC estimated for the corresponding ROIs among the control group (green squares). Note that the GFCi are smaller in value compared to GFCc and those from the control group, suggesting the disruption of the GFCs for the lesional ROIs.Fig 6Table 6The disruption of global FC (GFC) (number of ROIs) associated with the lesional ROIs.Table 6ROIGFCipsilateralGFCcontralateralMean/std of GFC among ControlsRIGHT INSULAR CORTEX (RI1)444138/13.5RIGHT INSULAR CORTEX (RI2)2329Same as aboveLEFT POSTERIOR INFERIOR TEMPORAL GYRUS (LT)132420/12.3RIGHT ORBITAL FRONTAL GYRUS. (ROF)152628/16.7RIGHT PRECENTRAL GYRUS (RPC)143042/18.2LEFT AMYGDALA (LA)7815/10.7LEFT INSULAR CORTEX (LI1)315939/11.5LEFT INSULAR CORTEX (LI2)1030Same as aboveFig. 7The disruption of the global FC (GFC) among the lesional ROIs quantified using the RGFC~ROI~ metric. The plot on the left shows that the lesional RGFC~ROI~ values (blue circles) are greater than the control RGFC~ROI~ (green squares), *p *= 0.017. Furthermore, three (LT, LA and LI1) of the 4 post-surgical lesional RGFC~ROI~ (red triangles) showed decreased after the surgical resection compared to the pre-surgical value, *p *= 0.2. The plot on the right is the bar graph showing the same results. It appears that the lesion ROIs suffered the disruption of the GFC compared to the same ROIs in the control group and the surgical resection may help reverse the disruption.Fig 7Table 7The disruption of the global FC (GFC) seen among the lesional ROIs quantified using the RGFC~ROI~ metric.Table 7PRE-RESECTION)POST --RESECTIONCONTROLS (mean/std)RIGHT INSULAR CORTEX (RI1)0.931.11.03/0.23RIGHT INSULAR CORTEX (RI2)1.26Same as aboveLEFT POSTERIOR INFERIOR TEMPORAL GYRUS (LT)1.850.530.98/0.07RIGHT ORBITAL FRONTAL GYRUS (ROF)1.730.97/0.06RIGHT PRECENTRAL GYRUS (RPC)2.140.95/0.11LEFT AMYGDALA (LA)1.140.560.95/0.08LEFT INSULAR CORTEX (LI1)1.90.90.97/0.13LEFT INSULAR CORTEX (LI2)3Same as above

In order to analyze the changes in GFC in the brain tissues surrounding the CCM, we performed the voxel-based analysis similar to the analysis carried out for the HFC. Shown in [Fig. 8](#fig0008){ref-type="fig"} and [Table 8](#tbl0008){ref-type="table"} are the comparison of the mean and STD of the RGFC~ROI~ associated with each ring of brain tissues surrounding the CCM and the same anatomical rings identified in the control group. The RGFC~ROI~ appears increased in the brain tissue surrounding the CCM lesion compared to the same tissue in the control group. Furthermore, although not statistically significant, the mean value associated with each ring seems to decrease as the ring becomes further away from the lesion, [Fig. 8](#fig0008){ref-type="fig"} and [Table 8](#tbl0008){ref-type="table"}. Similar to the changes observed in the voxel-based analysis for the HFC, our data suggested that the CCM lesion disrupts the GFC associated with its surrounding brain tissue, and the disruption perhaps lessens as the distance between the brain tissue and lesion increases.Fig. 8The disruption of the GPC in the surrounding brain tissue of a CCM becomes less as its distance to the lesion increases. Shown here is the comparison of the mean and STD of RGFC~voxel~ estimated from the lesional tissues with the same values estimated from the corresponding rings in the control group. Note that the RGFC~voxel~ from the lesional tissue are larger than its control counterpart, i.e., the disruption of global FC associated with the CCM lesion. Furthermore, the value of the RGFC~voxel~ decreases as the distance between the ring and the lesion increases, suggesting less disruption of the GFC.Fig 8Table 8The voxel-based analysis on the RGFC changes in the surrounding brain tissue.Table 8Ring 1(mean/std)Ring 2(mean/std)Ring 3(mean/std)Control1.50/0.771.53/0.571.49/0.80CCM pre-resection group3.45/1.762.75/1.382.28/1.11p-value (ANOVA)0.70.50.4

3.3. The default mode network (DMN) FC {#sec0012}
--------------------------------------

Global network changes among the CCM subjects were also assessed using the DMN FC. In this ROI-based analysis, the MPFC was used as the seed and its connectivity to LPL, LPR and PCC was compared across groups, hence the DMN FC consists of three values. Shown in [Fig. 9](#fig0009){ref-type="fig"} and [Table 9](#tbl0009){ref-type="table"}, there was a statistically significant decrease in the FC between MPFC and LPR among the CCM pre-resection group compared to the same value in the control group (*p* = 0.00008), whereas the differences in the FCs between MPFC and the other two DMN ROIs, i.e., LPL and PCC, were not statistically significant (*p *= 0.35 and 0.56, respectively). Interestingly, there is a statistically significant increase in the FCs between MPFC and LPR after surgical resection among the four CCM subjects compared to the same presurgical values (*p* = 0.01). Similar to what was observed in the analyses for the HFC and GFC, the surgical resection rendering the CCM subjects seizure free appeared to be associated with the restoration of the disruption of the normal FC.Fig. 9The disruption of the FCs in default mode network (DMN) among the CCM subjects. Shown in (A) is the depiction of the ROIs involving DMN, MPFC, LPR, LPL and PCC. Using MPFC as the seed, the DMN FC consisted of the FC between MPFC and LPR, the FC between MPFC and LPL, and the FC between MPFC and PCC. (B) plots the mean and standard derivations of three values. With the left group are the FCs between MPFC and LPL, the middle, the FCs between MPFC and PCC and the right group, the FCs between MPFC and LPR. The green bars are the values from the control group, the light blue bars are the values from the pre-surgical CCM group, and the dark blue bars are the values from the post-surgical CCM group. Note that the DMN FCs among the CCM subjects were smaller in values in all three components compared to the controls, especially the FC between MPRC and LPR (*p* = 0.00008). Note that the DMN FCs among the 4 CCM subjects showed improvement in all three components after the surgical resection, especially the FC between MPRC and LPR (*p* = 0.01). The (C) plot are the coactivation maps for the DMN FCs for the control (left), pre-resection (middle) and post-resection (right) groups. Note LPR showed significant changes in the strength of coactivation among these three groups (circles).Fig 9Table 9The disruption of the FCs in default mode network (DMN) among the CCM subjects.Table 9GROUPLPL(mean/std)LPR (mean/std)PCG (mean/std)CONTROLS0.42/0.250.55/0.190.45/0.24CCM PRE-RESECTION0.30/0.180.21/0.110.40/0.25CCM POST-RESECTION0.41/0.200.55/0.160.44/0.15

Although, neither the FC of the MPFC and the LPL and the FC of the MPFC and PCC did not show a statistically significant difference between the controls, CCM group pre-resection and post-resection (control: *M* = 0.42, SD=0.25, CCM group pre-resection: *M* = 0.30, SD=0.18; *p* = 0.14), (CCM group pre-resection: *M* = 0.30, SD=0.18; CCM group post-resection: *M* = 0.41, SD=0.21; *p* = 0.15), there was a trend of decrease in these FC values in the CCM pre-resection group compared to controls and an increase after the resection of the CCM, [Fig. 9](#fig0009){ref-type="fig"} and [Table 9](#tbl0009){ref-type="table"}.

Finally, we examined the effect of the laterality of the lesion on the DMN FC. Shown in [Fig. 10](#fig0010){ref-type="fig"} and [Table 10](#tbl0010){ref-type="table"} are the DMN FC in subjects with right and left hemisphere lesions compared to the control group. The statistically significant decrease in the FC between the MPFC and the LPR among the CCM subjects compared to the control group were again observed in both subgroup analyses, i.e., the right-sided lesions and the left-sided lesions (*p *= 0.00006 and 0.03, respectively). In the subgroup analysis, the FC between the MPFC and LPL showed more decrease among the CCM subject with *left*-sided lesions compared to the control group than those with right-sided lesions, although neither comparison reached statistical significance. The connectivity of MPFC and PCC (midline ROI) did not seem to be affected by the laterality of the CCM location, [Fig. 10](#fig0010){ref-type="fig"} and [Table 10](#tbl0010){ref-type="table"}.Fig. 10The hemispheric location of the CCM influences the pattern of DMN FC disruption. The CCM subjects were divided into two groups depending on the hemispheric location of the CCM, left sided group (darker blue) and right sided group (lighter blue). The three DMN FC values from these two groups were compared with the control group (green). It appears that the disruption of the FC between MPRC and LPR remained statistically significant in the subgroup analysis (right plot). For the FC between MPFC and LPL, the disruption appeared worse when the lesion is on the left (dark blue) than when the lesion is on the right (light blue), left plot. The disruption to the FC between MPRC and PCC was least severe among the three FCs, middle plot.Fig 10Table 10The hemispheric location of the CCM influences the pattern of DMN FC disruption.Table 10GROUPLPL (mean/std)LPR (mean/std)PCG (mean/std)CONTROLS0.42/0.250.56/0.190.45/0.24LEFT-SIDED LESIONS0.23/0.210.22/0.070.38/0.27RIGHT-SIDED LESIONS0.36/0.150.20/0.160.43/0.28

4. Discussion {#sec0013}
=============

In this study, we compared the functional connectivity (FC) metrics estimated from resting state fMRI studies obtained from subjects with focal epilepsy caused by single cerebral cavernous malformation (CCM) and those from healthy age and gender matched controls. We showed that there was both regional and global disruption of the FC values among the CCM subjects including decreased in homotopic FC (HFC) and global FC (GFC) in the ROIs where the CCMs are located. There is also the disruption of the default mode network (DMN) especially the FC between MPFC and LPR among these individuals. We also observed the trend of alleviation of these disruption after the individual has become seizure free from the surgical resection of the CCM. In addition, we found the disruption of the HFC and GFC in the brain tissue immediately adjacent to the CCM and it appears that the severity of the disruption is inversely proportional to the distance of the brain tissue to the lesion.

Epilepsy is a common neurological disorder affecting more than 1% of the general population and is associated with substantial morbidity and increased mortality ([@bib0055]). Although focal epilepsy such as the ones caused by lesions such as CCMs was historically considered a regional brain disorder associated with the epileptogenic zone (EZ) where the seizure originated. Growing evidence, however, pointed to wide brain network changes in focal epilepsy that extend beyond the EZ ([@bib0018]). Learning the structural and functional alterations of the brain network in focal epilepsy is essential in understanding the pathophysiology of the disease. The investigation of the brain network disturbance may help us characterize the network by which the seizure generates and prorogates. It can also help us understand the mechanism by which the recurrent seizure leads to cognitive and neuropsychological deficits. Furthermore, the impact of epilepsy on brain network influence the treatment outcomes of the disease, especially with the surgical treatment. It is a well known fact that the length of seizure history is inversely proportional to the rate of seizure freedom after the surgical intervention ([@bib0046]). This is likely due to the complex and continuous alteration of brain network by the recurrent seizure.

Advanced MRI techniques have made it possible to probe the changes in neuronal networks *in vivo*. The MRI techniques can characterize both structural and functional network changes. Diffusion tensor images (DTIs) infer structural connectivity by identifying white matter fibers that physically connect two brain regions. Recent applications of DTI techniques have generated new understandings of pathophysiology of seizure disorders ([@bib0003]; [@bib0033]). Vulliemoz et al. studied a cohort of 29 patients with juvenile myoclonic epilepsy (JME) using diffusion tensor imaging (DTI) and found alterations in microstructural connectivity of the mesial frontal region that may contribute to the onset of motor seizures in JME ([@bib0053]). Several studies conducted among patients with temporal lobe epilepsy (TLE) revealed structural connectivity alterations extending beyond the temporal lobes into both hemispheres independent of the seizure onset zone ([@bib0006]; [@bib0015]; [@bib0040]). These discoveries may help outline pathways of seizure propagation and functional deficits associated with TLE. For example, Li et al. studied the involvement of the cerebellum in idiopathic generalized epilepsy and showed the impairment of cerebellar fiber integrity among these patients ([@bib0032]).

Functional connectivity abnormalities related to seizure disorders have been investigated with resting state fMRI (rsfMRI) ([@bib0011]; [@bib0022]; [@bib0033]; [@bib0038]; [@bib0056], [@bib0057]). The majority of these studies have been conducted among patients with mesial temporal lobe epilepsy (MTLE). They have revealed that the amygdala and hippocampus ipsilateral to the seizure focus have decreased functional connectivity to the contralateral temporal lobe, ventromesial prefrontal region, as well as portions of the default mode network (DMN) ([@bib0026]; [@bib0040]).

To date, this is the first study where resting state functional connectivity abnormalities associated with focal epilepsy related to a single CCM were investigated. Our goal was to study the effect of focal epilepsy on the brain networks by applying a multi-resolution approach to investigate changes at the regional and global network levels. Our data showed that there was both regional and global disruption of the FC among the CCM subjects including decreased in homotopic FC (HFC) and global FC (GFC) in the regions of interest (ROIs) where the CCMs were located. There was also the disruption of the default mode network (DMN) especially the FC between the middle prefrontal cortex (MPFC) and the right lateral parietal cortex (LPR) among these individuals. The disruption of the normal functional connectivity can perhaps explain cognitive and psychological deficits observed on presurgical neuropsychological testing results among these individuals. Our data shows the trend of alleviation of these disruptions after the individual has become seizure free from the surgical resection of the CCM. This implies that the disruption of normal brain network may be reversible with the successful surgical treatment rendering the patient seizure free, although this trend will need to be confirmed with a larger study conhort. This reversibility of the function connectivity disruption was also observed by others in temporal lobe epilepsy ([@bib0038]).

In addition, we found the disruption of the regional (HFC) and global (GFC) in the brain tissue immediately adjacent to the CCM and the severity of the disruption appeared inversely proportional to the distance of the brain tissue to the lesion. Even though these changes did not reach statistical significance in our analyses, they raised the possibility of using these values to delineate the epileptogenic zone (EZ) and, hence, to guide the surgical resection. The clinical experience has shown that the brain tissue surrounding the CCM lesion is most likely the epileptogenic zone in the CCM related focal epilepsy ([@bib0044]). In order to render the patient seizure free, the surgical resection needs to remove the EZ. The exact boundary of EZ is however not well defined. Some neurosurgeons have used the discoloration from hemosiderin staining as an indication for the EZ, removing all the surrounding brain tissue with hemosiderin staining. Some other neurosurgeons employ intraoperative electrocorticography (ECOG) to guide the resection ([@bib0020]), resecting all the surrounding brain tissue until the ECOG shows no more epileptiform discharges. Both these strategies have limitations in defining the EZ associated with CCM. This is especially challenging if the CCM is located in the eloquent region of the brain. Our finding of the existence of a gradient in the degree of disruption in the FC value in the surrounding brain tissue points to the possibility of using this degree of the disruption to define the EZ. In order to do so, we need to continue our analysis by including a larger study cohorn so that this trend can be confirmed.

Another theory under consideration in epilepsy research is that seizures occur due to imbalances between excitatory and inhibitory neurotransmission ([@bib0008]; [@bib0035]). In human and animal models of trauma-related epilepsy, the presence of spontaneous seizure is strongly associated with axon sprouting and reorganization of neural circuitry ([@bib0009]). Many animal injury models show evidence that excitatory connectivity is enhanced and inhibitory influences are decreased. However, our CCM data suggests that the functional connectivity appears to be disrupted across global and regional networks. Functional connectivity is a direct measure of neuronal synchronization. Perhaps it is this decrease in normal neuronal synchronization that gives rise to an abnormal epileptic network and becomes a key element in the phenomenon of epileptogenesis.

4.1. Study limitations {#sec0014}
----------------------

The obvious limitation of this study is that this is a retrospective study on a small cohort of the subjects with single CCM (*n *= 8). This is largely due to the rarity of this condition. As a result of the small number of participants, several observations did not reach statistical significance. Even among the observations that reach statistical significance, the ability to apply these findings to other patients with similar conditions may be limited. Despite these limitations, this study nonetheless provides a unique approach to investigate the changes in brain networks associated with a type of focal epilepsy. The findings will need to be confirmed with much larger study cohorts.

5. Conclusion {#sec0015}
=============

In conclusion, using resting state functional MRI data, we showed that focal epilepsy caused by single cerebral cavernous malformation (CCM) is associated with the disruption of the normal regional and global functional connectivity (FC). The disruption included a decrease in the coactivation between the region surrounding the CCM lesion, i.e., the lesional region, and its homotopic counterpart, reduced FCs between the lesional region and the rest of the brain, and reduced FCs among the default mode network.
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